Subcutaneous phaeohyphomycosis in a patient
Introduction
The fungal family Lindgomycetaceae belongs to the order Pleosporales of class Dothideomycetes and currently contains three genera, namely, Lindgomyces (type genus), Clohesyomyces, and Lolia [1] . Members of Lindgomycetaceae have been isolated exclusively from decaying or decorticated stems or twigs of submerged woody plants in freshwater environments including rivers, ponds, lakes, and irrigation canals. They are widely distributed on different continents and have been found in Australia, Egypt, Japan, and the United States [2] [3] [4] [5] [6] . No member of this family has been associated with human infections.
In 2011, we isolated a mould from the biopsy specimen of a histopathology-proven case of invasive foot infection in a patient with underlying immunoglobulin (Ig) G4-related sclerosing disease. Microscopic examination of the fungal culture revealed only fungal hyphae but no sporulating structures. Basic local alignment search tool (BLAST) analysis of the internal transcribed spacer (ITS) sequence of the isolate demonstrated that it was most closely related to members of the family Lindgomycetaceae, with a sequence homology of around 90%, indicating it did not resemble any known fungus. Therefore, we suspected that this isolate may be a novel fungal species. To test the hypothesis, we performed additional phenotypic and genotypic characterization of the isolate and compared its characteristics with those of closely related fungal species. On the basis of our findings, we propose a new genus and species, Hongkongmyces pedis gen. et sp. nov., to describe this fungus, which belongs to the family Lindgomycetaceae in the order Pleosporales of the class Dothideomycetes.
Materials and methods

Patient and strains
All clinical data of the index patient were obtained by retrieving and analyzing the patient's hospital record. Clinical specimens were collected and handled according to standard protocols and were grown on Sabouraud glucose agar (SGA; Oxoid, Hampshire, UK) at 37
• C to ob- 
Phenotypic characterization
The fungal strain HKU35 T was inoculated onto potato dextrose agar (PDA; BD Diagnostic Systems, Sparks, MD, USA) to obtain inoculum for other procedures. Slides for microscopic examination were prepared from portions of the colonies grown on PDA, SGA, and oatmeal agar (OMA; BD Diagnostic Systems, Sparks, MD, USA) using the adhesive tape preparation method and the agar block smear method described recently [7] . An enzyme activity test was performed using the API-ZYM system (bioMérieux, Marcy l'Etoile, France), and its carbohydrate assimilation pattern was determined using the API 20 C AUX system (bioMérieux) according to the manufacturer's protocols. The effect of different temperatures on the growth of HKU35 T and the reference strains on PDA and comparison of growth rates on PDA, brain-heart infusion agar (BD Diagnostic Systems, Sparks, MD, USA), cornmeal agar (Oxoid, Hampshire, UK), malt extract agar (MEA; BD Diagnostic Systems, Sparks, MD, USA), OMA, SGA, and V8 juice agar (V8A; homemade) at 24
• C were studied as described previously [8] . All media were supplemented with chloramphenicol (50 µg/ml). All assays were performed in triplicate.
Antifungal susceptibility test
The susceptibility of HKU35 T to six antifungal drugs was tested using Sensititre YeastOne plates (Trek Diagnostic Systems, East Grinstead, UK) according to the manufacturer's protocol for Aspergillus species. Briefly, fungal cells of HKU35 T were harvested in distilled water from 7-dayold PDA cultures grown at 24
• C. After the large cell clumps were removed by filtration, the concentration of hyphal fragments was adjusted to a 0.5 McFarland standard. One hundred microliters of the cell suspension were added to the 11-ml YeastOne inoculum broth and 100 microliters of the latter were added to each well of the YeastOne plate. The erence strains were performed according to our previous publications [8] [9] [10] [11] [12] , except the primers used in this study were different (Table 1) . Primers LPW18825, LPW18826, LPW18566, LPW18567, LPW19260, and LPW19261 were designed by selecting the conserved regions of the respective gene targets from the alignments of the respective DNA sequences of the Pleosporales species closely related to HKU35 T . The sequences of the PCR products were compared with sequences of closely related species from GenBank by multiple sequence alignment using MUSCLE 3.8 [13] and then end-trimmed using BioEdit 7.2.0 [14] . Poorly aligned or divergent regions of the aligned, endtrimmed DNA sequences were removed using Gblocks 0.91b [15, 16] with relaxed parameters. Tests for substitution model and phylogenetic tree construction, by the maximum likelihood method, were performed using MEGA 6.05 [17] . Phylogenetic analyses were also performed for partial 18S and 28S nrDNAs using the Bayesian inference method with BEAST 1.8.0 [18] . Ten million generations were run with trees sampled every 1000th generation to yield 10000 trees. The trees were summarized as a single tree for each gene using TreeAnnotator 1.8.0 and viewed using FigTree 1.4.0. Pairwise alignment of the end-trimmed sequences was performed using BioEdit 7.2.0 [14] with the optimal GLOBAL alignment method to determine sequence similarities.
Nucleotide sequence accession numbers
The ITS and partial 18S nrDNA, 28S nrDNA, β-tubulin gene, and EF1α gene sequences of HKU35 T and the ref-
erence strains have been deposited in GenBank with the accession numbers JQ435790-JQ435796 and KF314117-KF314136.
Results
Index patient
A 74-year-old Chinese man presented with a painless nodule on his right foot, which had gradually enlarged over the preceding 6 months. His underlying medical conditions included IgG4-related sclerosing disease involving the lungs and salivary and lacrimal glands; chronic obstructive pulmonary disease; hypertension; ischemic heart disease; and obstructive sleep apnea. His regular medications included prednisolone 7.5 mg daily, hydroxychloroquine sulfate 200 mg daily, aspirin 160 mg daily, isosorbide dinitrate 5 mg three times a day, rabeprazole sodium 10 mg daily, and inhalational bronchodilators. Examination showed that the mass was located at the right medial plantar arch; measured 2 cm × 3 cm × 2 cm; and was firm, mobile, and nontender. There was occasional discharge of serous fluid, but no bleeding or ulceration. Laboratory tests showed normal total and differential leukocyte counts and elevated C-reactive protein of 3.91 mg/dl (normal, <0.76 mg/dl) and an erythrocyte sedimentation rate of 107 mm/h (normal, <20 mm/h). His total IgG level was normal, but the IgG4 level was elevated at 460.0 mg/dl (normal, 0-291 mg/dl) due to his underlying IgG4-related sclerosing disease. Biopsy of the nodule showed florid suppurative granulomatous inflammation in the dermis with central microabscess formation surrounded by epithelioid histiocytes, scattered giant cells, and a small number of lymphocytes (Fig. 1a) . A Grocott stain revealed fungal elements in the center of the lesion (Fig. 1b) . Gram and Ziehl-Neelsen stains did not show any bacteria or acid-fast bacilli. The biopsied tissue was not cultured, and blood cultures for fungi yielded no growth. Another biopsy of the lesion was repeated 1 month later and showed similar histopathological findings. Cultures on SGA of samples from this biopsied specimen yielded a mould after 8 days of incubation at 37
• C. The lesion and raised inflammatory markers subsided after 4 weeks of treatment with oral itraconazole 400 mg daily. However, the lesion recurred in the same anatomical site 4 months after cessation of itraconazole. Excision of the lesion was performed. The histopathological features were similar to the previous findings of necrotizing granulomatous inflammation in the dermis, characterized by an admixture of histiocytes, multinucleated giant cells and polymorphs, and the presence of fungal elements with occasional right-angle branching as noted through the use of periodic acid-Schiff-diastase (Fig. 1c) and Grocott stains. The patient was treated for 12 more months with oral itraconazole, 400 mg daily, and the lesion did not recur at follow-up 18 months after cessation of treatment.
DNA sequencing and phylogenetic analysis Table 2 . Growth rates of HKU35 T and its closely related species at different temperatures on potato dextrose agar and at 24
• C on different culture media. Colony on SGA gray and velvety, with a diameter of 25 mm, and radial grooves after incubation at 25
H. pedis 'N. typhicola' 'N. typhicola' 'T. hydrela' L. breviappendiculatus L. rotundatus L. apiculatus
• C for 3 weeks (Fig. 3a, b) . No diffusible pigment was produced on SGA, but slight yellow and red pigments were found on PDA and OMA, respectively (Fig. 3c-f) . Only sterile mycelia were produced after 3 weeks of incubation at 25
• C on Acanthamoeba medium used for agar block smears (Fig. 3g, h ) or on PDA, SGA, and OMA. The hyphae were septate with an average width of 5 µm, branched at acute angles, and gray in color. On PDA, hyphae became darkly pigmented and round, spore-like bodies about 5 μm in diameter were occasionally present along the hyphae (Fig. 3i) .
Discussion
We report the isolation of HKU35 T , a proposed new genus and species, in pure culture from the biopsied specimen of a foot nodule in a patient with multiple underlying medical illnesses. These clinical conditions included IgG4-related sclerosing disease, an increasingly recognized syndrome characterized by tumor-like swelling of involved organs, lymphoplasmacytic infiltration with a predominance of IgG4-positive plasma cell and T lymphocytes, variable degrees of fibrosis with a characteristic "storiform" pattern, elevated serum levels of IgG4, and response to corticosteroid. The clinical significance of the fungus was evident by its invasion into the patient's tissue, as demonstrated by the presence of fungal hyphae, as well as a florid local suppurative granulomatous inflammatory response in repeated histological sections of biopsied specimens. In addition, the patient also had raised inflammatory markers (C-reactive protein and erythrocyte sedimentation rate), which returned to normal levels after treatment. The corticosteroid (prednisolone 7.5 mg daily) that the patient received for the treatment of his IgG4-related sclerosing disease may have been a predisposing factor for the patient's acquisition of an opportunistic mould infection. Based on the results of antifungal susceptibility tests in the present study, which showed that the fungus is susceptible to itraconazole, voriconazole, and posaconazole, as well as the patient's response to itraconazole, itraconazole, voriconazole, and posaconazole can be considered to be the antifungal agents of choice for infections caused by this fungus. We propose a novel genus and species to describe this fungus. DNA sequencing and phylogenetic analyses using five DNA regions commonly used for phylogenetic studies, including ITS, 18S nrDNA, 28S nrDNA, β-tubulin gene, and EF1α gene, showed unambiguously that Hongkongmyces pedis is a novel fungal species. In all the phylogenetic trees constructed in this study, H. pedis stood out as a unique branch, not closely related to other fungal species ( Fig. 2; Supplementary Fig. 1 ). In most phylogenetic trees, the clustering of H. pedis to its closest relatives was only supported by bootstrap values of <90. Importantly, among all closely related fungi tested in this study and in the literature, only H. pedis grew at 37
• C (Table 2 ). This most likely explains why only H. pedis, but none of the other closely related fungal species of the family Lindgomycetaceae, is associated with human infection, although most of these freshwater ascomycetes share similar habitats and environmental niches. Notably, it was observed that the ITS1 of all members in the Lindgomycetaceae family (about 850 to 1150 bp), including H. pedis, is consistently much longer than those of related fungi not in the family (about 500 bp) [19] and is highly variable, both of which are probably characteristics of the fungal species in this family. Interestingly, the 3' region of the ITS of HKU35 T shared a 99% nucleotide identity with a 720-bp sequence amplified from DNA extracts of rice stubble obtained in Vietnam (GenBank accession number JQ582427). We speculate that rice stubble could be a habitat of H. pedis. However, the patient was a security guard for many years; even after detailed questioning, it was not clear if the patient had been exposed to an aquatic or agricultural environment. It is well known that the invasive skin and subcutaneous infections caused by these dematiaceous fungi are usually transmitted by implantation through trauma with contaminated vegetable materials. However, frequently patients cannot recall such minor traumas as they occur frequently and the lesions are usually very indolent. Consequently, the patient does not associate between a trauma incident that occurred weeks or months prior with the development of lesions. PCR amplification and sequencing of one or more DNA regions would be the diagnostic method of choice for identification of H. pedis. In most clinical microbiology laboratories, clinical specimens requested for fungal culture are inoculated on SGA. When growth of a mould is observed, the isolate will be examined microscopically for characteristic structures, in particular, the shape, size, and arrangement of sporulating structures. For H. pedis, no sporulating structures were observed when it was grown for up to 3 months on different media. The absence of demonstrable characteristic sporulating features would be a major obstacle for recognizing H. pedis in clinical microbiology laboratories. Although matrix-assisted laser desorption ionization time-of-flight mass spectrometry is used increasingly to identify some moulds, this technology requires the presence of a spectrum of a particular fungal species in the database before a clinical isolate can be confidently and accurately identified [20, 21] . Therefore, at this time, DNA sequencing should be performed for identification of H. pedis to the species level.
Interestingly, the genus Neomassariosphaeria and the species N. typhicola was placed in the family Amniculicolaceae based on phylogenetic analyses using three gene loci of N. typhicola CBS 123126 recently [22] . However, three fungal strains (CBS 609.86, KT797, and MAFF 239218) bearing the name "Neomassariosphaeria typhicola" were closely clustered with other members of the family Lindgomycetaceae in the phylogenetic trees generated in the study by Shearer et al. [23] and in this study. These strains were also distantly related to N. typhicola CBS 123126 ( Fig. 2; Supplementary Fig. 1 ). Also, three other fungal strains closely clustered in the phylogenetic trees ("Taeniolella typhoides" Czech Collection of Microorganisms (CCM) F10198, "Trematosphaeria hydrela" CBS 880.70, and HKUCC 10666) were classified under different genera ( Fig. 2; Supplementary Fig. 1 ). However, the type species of the genera Taeniolella (T. exilis) and Trematosphaeria (T. pertusa) actually belong to families distantly related to Lindgomycetaceae (Melanommataceae and Trematosphaeriaceae, respectively; data not shown). We speculate that some of the fungal species in the Lindgomycetaceae cluster might have been misnamed when their original nomenclature and classification were based mainly on phenotypic characteristics. In addition, based on the phylogenetic tree constructed using 28S nrDNA, Lolia aquatica may also represent a species in the genus Clohesyomyces rather than belonging to a separate genus. The assignment of L. aquatica as a separate genus might have been due to the unavailability of the 28S nrDNA sequence of Clohesyomyces when L. aquatica was first studied and described in 2010 [2] . Further experiments, particularly DNA sequencing on multiple regions and phylogenetic analyses, should be performed for better classification of these fungi.
